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Introduction
Capsule endoscopy has been widely used in the detection of GI tract diseases for its advantages of convenience, no invasion and no pain [1] . However, the internal battery can only provide 20mW over eight hours, which limits the performance and functionality of the capsule robot in clinical. Wireless power transmission (WPT) system based on the magnetic coupling is an effective method to solve this problem. Many research institutes have contributed their efforts to study this technology, which could provide continuous power up to 100mW [2] and be used to improve the lighting and image quality.
The loosely coupling link of the WPT system is easily disturbed by the external factors. When the inductive component is near the WPT system, the character of the coils would be affected. Moreover, since the transmitter coil is bound around the human body, the deformation of the transmitter coil caused by the daily activity of the human would change its self-inductance [3] . These situations cause that the resonant frequency of the tank shifts, so the switch loss of the inverter is increased and the inducted power of the capsule robot is reduced. Basically, coils with high quality factor Q is applied to improve the power transfer efficiency of WPT system [4] , but the capacity of resisting disturbance is reduced. As the equivalent series resistance (ESR) in the receiver is much larger than the transmitter, the transmitter is more sensitive to the disturbance. In addition, when the receiver coil is located at a fixed position, the relationship between the driving voltage and the inducted voltage is explicit. However, since its orientation and position is uncertain in the GI tract, the coupling coefficient k between the coils is also uncertain [5] , which directly affects the magnitude of the inducted voltage. When the driving voltage is not enough, the capsule robot would shut down in that position. When the driving voltage is too large, the circuit of the receiver might operate in the abnormal range and the heat transfer might have a negative effect on the safety [6] .
In this case, several optimizations are introduced to ensure the stability and safety of WPT system. The frequency of the inverter could be adjusted to match the resonant frequency of the tank. The driving voltage could be adjusted to ensure the circuit of the receiver could operate in the normal range. With the frequency and driving voltage controls, the capsule robot could be provide with stable power in the whole journey along the GI tract.
System Overview
In the high frequency, the coil could be considered as the serial connection of the resistor and the inductor. To improve the transmit power and efficiency, a resonant capacitor could be introduced to counteract the inductive impedance of the coil and the resonant frequency of the tank would be used as the inverter frequency.
The structure of the WPT system is shown in Fig. 1 , which consists of transmitter and receiver. The transmitter uses the high frequency inverter to drive the transmitter coil. Class D inverter could generate high frequency square wave by controlling the switch of half-bridge circuit, which has advantages of small size, low cost and high efficiency. With the limit of the switch time, the inverter frequency could be up to 400 kHz [7] . The receiver coil could generate the inducted voltage by the magnetic coupling. After the rectification and regulation, the stable voltage could be used by the load circuit of the capsule robot.
The frequency and driving voltage control based on the PID controller are integrated to the WPT system to improve its performance. For the PID control algorithm, the stability and rapidity are contradictory parameters. Since the speed of the capsule robot is slow, the shutdown in a short period is acceptable. In addition, if the control process is too fast, the power source and the resonant circuit might break down, which means that the stability is more important. 
Frequency Control
The output waveform of the class D inverter is square wave. According to the Fourier transform, the square wave could be transferred into the superposition of sine waves as shown in Eq. 1, where U P represents the driving voltage of the power source. Since the quality factor of the transmitter coil is normally above 20, the component in the high frequency is suppressed and the square wave could be consider as the sine wave U 1 with the same frequency and phase, as shown in Eq. 2. 
For the serial resonant tank, the phase of the voltage and current would coincide. When the external disturbance affects the resonant state, their phases would not coincide. The phase of the voltage could be measured by zero crossing detection, and the phase of the current could be measured by the voltage of the series resistor with low resistance and high power. The phase difference would be used by the frequency controller to calculate the expected frequency with Eq. 3.
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The expected frequency is processed by the programmable signal source to generate the square wave in the same frequency. The signal source could be utilized by analog or digital approaches. Compared with the analog approach, the digital one has the advantages of low cost, high resolution and fast switch time and has been widely used in the electronic instruments. It could generate multiple types of signal by the direct digital synthesis (DDS) technology. In general, the DDS system consists of the numerically controlled oscillators, digital to analog converter and low pass filter, as shown in Fig. 2 . With the development of IC industry, the DDS system could be integrated into one chip, which reduces the size and improves the stability of the circuit. Fig. 2 The structure of the DDS signal source
Driving Voltage Control
The circuit model of the WPT system is indicated in Fig. 3 , where r 1 and r 2 represent the resistances of the coils, L 1 and L 2 represent the self-inductances of the coils, C 1 and C 2 represent the resonant capacitors, and R represents the ESR of the load circuit. For the loose-coupling link, the induced voltage of the transmitter could be neglected. So, the relationship of voltage vector and current vector is expressed in Eq. 4. Fig. 3 The schematic diagram of the transmitter and receiver
Therefore, the voltage U 2 could be calculated by Eq. 5. It is verified that U 2 is proportional to ω, M U P . M would vary when the capsule robot moves along the GI tract. Besides, the inverter frequency is adjusted by the frequency controller. These factors cause the variety of U 2 , which is not acceptable for the WPT system. In this case, the driving voltage controller is introduced to control the programmable power source to generate the expected driving voltage. The wireless communication system in the capsule robot could be used to transfer U 2 to the controller. 
There are two embodiments of the programmable power source. The first one could be realized by switching among several fixed voltages with relays. Its structure is much simple, but the frequent switching process has the possibility of breaking down the power source and inverter. The second one is the switching power source, which is realized by controlling the switch duty of MOSFET. Taking the stability and output power, the isolated switching power source is used in the WPT system, which has the maximum output power of 100W.
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Experiment and Results
The frequency controller could be verified by changing the outline of the transmitter coil. It is shown that the deformation could be detected immediately with the indicator of LED and the inverter frequency varies from 407 kHz to 438 kHz, which means the self-inductance of the coil is decreased. The phase of the voltage and current could coincide in 3 seconds, which demonstrates the rapidity and stability of the controller.
The driving voltage controller could be verified by changing the position of the receiver coils. According to the calculation of the magnetic field, the magnetic flux density M at the edge is about 3 times of that in the center. When the receiver coil moves from the edge to the center, the driving voltage U P and the received voltage U 2 are measured. It is indicated that the driving voltage varies from 23V to 78V in 6 seconds to protect the power source from breaking down. Meantime, the received voltage falls into the abnormal range in the adjustment period and restore immediately when the adjustment finishes. Since the adjustment speed of the controller is much faster than the speed of the capsule robot, which is basically below 10mm/s, the unsteady state could be neglected.
Conclusion
Since the WPT system is easily affected by the external disturbance and the movement of the receiver coil, the frequency and driving voltage controllers are introduced into the system. With the frequency controller based on the phase difference, the signal source could vary the inverter frequency in 3 seconds and the phase difference is restrained. With the driving voltage controller based on the received voltage, the power source could output the desired voltage synchronously with the movement of the capsule robot and the received voltage is steady at 5V. Therefore, the stability and safety of the WPT system is improved.
